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If one has to explain dark matter by something else than supersymmetry, one of the most minimal
solutions is adding another doublet of Higgs bosons. It has recently been noted that if an unbroken
discrete symmetry forbids the coupling to fermions of the new doublet, then the particle playing
the role of the usual Higgs particle may naturally be very heavy, of the order of 500 GeV, without
violating electroweak precision bounds. The lightest of the new scalar particles is a natural dark
matter candidate, and for a mass between 10 and 80 GeV it can give the correct cosmic abundance
as measured by WMAP. It would not yet have shown up in direct detection experiments and for
high Higgs masses also the indirect rates would seem rather small, in particular since tree-level
processes giving W and Z final states are kinematically forbidden. However, we show that the loop-
induced monochromatic γγ and Zγ final states would be exceptionally strong for this dark matter
candidate. The energy range and rates for these line processes make them ideal to search for in the
soon upcoming GLAST satellite experiment.
PACS numbers: 95.35.+d, 11.30.Pb, 98.70.Rz
INTRODUCTION
Recent measurements of the amount of cold dark mat-
ter have now established that non-baryonic matter makes
up about one quarter of the Universe’s total energy bud-
get [1]. Although a variety of dark matter candidates
have been proposed [2], its nature still remains a mys-
tery.
One particularly attractive class of candidates is pro-
vided by Weakly Interacting Massive Particles (WIMPs),
as gauge couplings and masses of the electroweak symme-
try breaking scale (i.e. presumably around 100 GeV) give
the right order of magnitude for their thermal relic abun-
dance. Moreover, Electroweak Precision Tests (EWPT)
indicate that the Standard Model (SM) Higgs should
be light, mh < 186 GeV at 95% confidence level with
a central value around 90 GeV [3]. However, in the
SM the Higgs mass acquires quadratic ultraviolet diver-
gences, requiring fine-tuning if no new divergence can-
celling physics appears before the TeV energy scale (the
hierarchy problem). Therefore new physics is expected
to be found in the upcoming high energy experiments,
such as CERN’s Large Hadron Collider (LHC) accelera-
tor, which might shed new light both on the Higgs sector
and the mystery of dark matter.
The most studied scenario which can provide both
a symmetry to cancel the quadratic divergences in the
Higgs sector and a WIMP dark matter candidate is su-
persymmetry. However, in the Minimal Supersymmetric
Standard Model (MSSM) the lightest Higgs particle is
constrained to be very light (. 135 GeV) [3]), which al-
ready brings back some amount of fine-tuning [4] to be
above the experimental lower bound of 114 GeV [3]. This
has motivated several proposals to naturally increase the
Higgs mass both within supersymmetry and other exten-
sions of the SM (see e.g. [4, 5] and references therein).
The Inert Doublet Model (IDM) [5] considered in this
letter is a very minimal extension of the SM – an ex-
tra added Higgs doublet H2 with an imposed unbroken
Z2 symmetry, under which H2 is odd and all remaining
fields are left invariant. The IDM has been shown to
naturally allow for a SM Higgs mass up to about 500
GeV and still fulfill the EWPT [5]. That is, the model
yields a perturbative description of electroweak physics
and includes the ability of having a heavy Higgs pushing
the need for other new (divergence cancelling) physics
beyond the reach of LHC [5, 6]. Although the model
may have escaped detection at LEP 2, it gives promising
prospects for detection at the LHC [5]. From the cos-
mological perspective, the unbroken Z2 implies that the
Lightest Inert Higgs Particle (LIP) will be stable on cos-
mological time scales. Furthermore, if the LIP is neutral
it is a good dark matter candidate [5, 7]. This gives a rea-
son to study direct and indirect astrophysical detection
prospects of the inert Higgs.
A systematic study of the relic density shows that all
dark matter can be constituted by the LIP if its mass is
roughly in the range 10 − 80 GeV (or above 500 GeV,
if parameters are tuned) [8]. Studies of direct detection
show that the sensitivity of current experiments is too
low, whereas future experiments will cover more of the
IDM parameter space [8, 9]. Indirect detection of gamma
rays, mainly from quark fragmentation, was studied in [8]
and was shown to give a promising flux [23] that may be
detectable in the GLAST experiment [10]. However, this
study was made for SM Higgs masses of 120 and 200 GeV
which, although they give higher gamma rates, deviates
from the original motivation for the model of raising the
Higgs mass [5].
An interesting aspect of the IDM is that the dark mat-
ter mass generically has to be below the charged gauge
boson mass, since the relative strong coupling toW+W−
otherwise would give too low relic abundance to explain
all of the dark matter. However, virtual W bosons close
2to threshold are expected to significantly enhance loop
processes into monochromatic photons. We here follow
this idea and study the dark matter smoking gun line
signals from the final states γγ and, when kinematically
allowed, Zγ. In general, the annihilation cross section
is too low for these low masses, but coannihilations ef-
fectively bring the relic density into the preferred range.
Generically this implies lower tree-level annihilation rates
today, when dark matter velocities are low, than with-
out coannihilations. As a matter of fact in large parts of
the parameter space the tree-level processes are small (or
could even completely vanish) and instead the gamma-
lines become the dominant feature in the gamma spec-
tra. This is in contrast with the supersymmetric case
[11] where the relative line rate generally is quite small
in this mass range.
We repeat the unique, interesting features which give
this dark matter candidate a striking, smoking-gun
gamma-ray signature: closeness to theW threshold, sup-
pressed tree-level annihilation rate, and substantial coan-
nihilation in the early universe, giving correct relic den-
sity.
Calculations of monochromatic gamma lines for both
spin-1/2 [12] and spin-1 [13] dark matter annihilation
have been performed earlier, and it is interesting that
the spin-0 dark matter candidate discussed here has an
even more promising gamma-line rate.
THE INERT HIGGS MODEL AND ITS
CONSTRAINTS
The IDM framework is an extension of the SM with
one additional Higgs doublet H2 and an unbroken Z2
symmetry under which H2 is odd
H2 → −H2 , (1)
while all other fields are unchanged (even) [24].
As usual the SM Higgs doublet H1 develops a vacuum
expectation value (vev), and three of its degrees of free-
dom give masses to the W and Z bosons. Also, as usual,
the fermions obtain their masses by Yukawa couplings to
H1. On the other hand, the unbroken Z2 symmetry ex-
cludes both a vev for the H2 doublet as well as Yukawa
couplings; implying no direct couplings to fermions (i.e.
H2 is inert to lowest order in perturbation theory). Addi-
tionally, this symmetry inhibits decay of the LIP which,
if it is neutral, then becomes a suitable dark matter can-
didate.
The most general gauge invariant, renormalizable and
CP conserving scalar potential for such a model is [5, 14]:
V = µ21|H1|2 + µ22|H2|2 + λ1|H1|4 + λ2|H2|4






where µi and λi are real parameters.
Besides the usual SM Higgs particle (h), the physical
states deriving from the inert doublet are a charged state
(H+), and two neutral scalars: one CP-even (H0) and













where v = −µ21/λ1 (〈H1〉 = v/
√
2). From the measured
values of the W and Z masses, one finds v ∼ 250 GeV.
Several theoretical and experimental constraints can
be imposed on the parameter space and we will use the
results of [5] concerning vacuum stability, perturbativity,
EWPT, LEP searches and naturalness [25], while using
direct detection and charged scalar mass bounds from
[8]. Furthermore, in agreement with the WMAP data
we constrain the LIP abundance to 0.094 < ΩDMh
2 <
0.129 [1]. In this Letter the relic density calculations,
including coannihilations, have been performed using the
FormCalc package [15] interfaced to the DarkSUSY
package [16].
GAMMA-RAY LINES FROM INERT HIGGS
ANNIHILATIONS
For definiteness we take H0 as our LIP, and dark mat-
ter candidate, although the role of H0 and A0 can in
general be interchanged.
For LIP masses below mW only annihilations into
fermions lighter than mH0 are accessible at tree level.












where Nc is a color factor (which equals 1 for leptons and
3 for quarks),
√
s is the center of mass energy, mW the
charged gauge boson mass, θW the weak mixing angle,
Γh the decay width of h and mf the final state fermion
mass.
The heaviest kinematically allowed fermion state will
usually dominate the tree-level annihilation channels,
since the cross section is proportional to m2f . In our case
of interest, i.e. for a LIP mass above 10 GeV and below
mW , bottom quark final states dominate, with a small
contribution also coming from charm quark and τ pairs.
Although the running of lepton masses can safely be ne-
glected, the QCD corrections to quark masses might be
substantial. We therefore take into account the leading
order correction by adjusting the running quark masses
to their values at the energy scale of the physical process
∼ 2mH0 [14].
The contributions to the continuum gamma-ray spec-
trum predominantly come from the secondary gamma






















FIG. 1: The total differential photon distribution from anni-
hilations of an inert Higgs dark matter particle (solid line).
Shown separately are the contributions from: H0H0 → bb¯
(dashed), τ+τ− (dash-dotted) and Zγ (dotted). This is for
the benchmark model I in Table I.
through the sequential production and decay of neutral
pions. Due to the harder gamma spectrum from the de-
cay of τ -leptons they do contribute significantly at the
highest energies despite their much lower branching ra-
tio. The shape of the continuum spectra is calculated
with PYTHIA [17].
We now turn to the very important line signals from
direct annihilation of LIP pairs into γγ and Zγ. These
lines show up as characteristic dark matter finger prints
at energies mH0 and (mH0−m2Z/4mH0), respectively. A
potential third gamma-line from the hγ final state is not
present in the IDM since that violates CP-parity con-
servation. One could also note that when the branching
ratio into Zγ becomes significant, the subsequent decay
of the single Z boson significantly contributes to the con-
tinuum gamma-ray spectrum. The full one-loop calcula-
tions were performed by implementing the IDM model
into the numerical FormCalc package [15]. The results
from these calculations have also been interfaced with the
DarkSUSY package [16].
Four IDM benchmark models, including two models
similar to those investigated in [8] (III and IV), are de-
fined in Table I. Their annihilation rates, branching ra-
tios and relic densities are shown in Table II. As an
illustrative example, Fig. 1 shows the predicted gamma
spectrum for model I.
The spectral shape, with its characteristic peaks in the
TABLE I: IDM benchmark models. (In units of GeV.)
Model mh mH0 mA0 mH+ µ2 λ2×1 GeV
I 500 70 76 190 120 0.1
II 500 35 44 155 120 0.1
III 200 70 80 120 125 0.1
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FIG. 2: Predicted gamma-ray spectra from the IDM bench-
mark model I and II as seen by GLAST (solid lines). The
predicted gamma flux is from a ∆Ω = 10−3 sr region around
the direction of the galactic center, assuming a NFW halo
profile (with a boost factor as indicated in the figure) and con-
volved with a gaussian 7% energy resolution. The boxes show
EGRET data [18] and the thick line HESS data [19] in the
same sky direction. The GLAST sensitivity (dotted line) is
here defined as 10 detected events within an effective exposure
of 1m2yr within a relative energy range of ±7%.
hitherto unexplored energy range between 30 and 100
GeV, is ideal to search for with the GLAST experiment
[20]. In Fig. 2 we demonstrate this by showing the pre-
dicted fluxes from a ∆Ω = 10−3 sr region around the
direction of the galactic center together with the existing
HESS and EGRET observations in the same sky direc-
tion. For simplicity we assume a standard NFW [21] dark
matter halo density profile for our Galaxy (J ×∆Ω ∼ 1
for ∆Ω = 10−3 sr with the notation of [22]) and allow the
flux to be scaled by a “boost factor” (assuming to arise
from clumpiness and adiabatic compression).
For the EGRET observations we have taken the data
from [22]. This is the background for our signal or, as
it might turn out, it is part of the expected signal if
there are processes enhancing the dark matter density
near the galactic center, such as adiabatic compression.
We find, maybe coincidentally, that a good fit to the
EGRET data can indeed be obtained, but for a rather
large boost factor of 104. In that case there would be a
truly spectacular γγ line signal waiting for GLAST to be
seen. For LIP masses closer to the W threshold the γγ
TABLE II: IDM benchmark model results.
Model vσv→0tot Branching ratios (%): ΩDMh
2
(cm3s−1) γγ Zγ bb¯ cc¯ τ+τ−
I 1.6× 10−28 36 33 26 2 3 0.10
II 1.0× 10−28 10 0 77 5 8 0.12
III 8.7× 10−27 2 2 81 5 9 0.12
























H0 H0 → Zγ
H0 H0 → γγ
χχ → Zγ, γγ
FIG. 3: 2vσγγ (upper bands) and vσZγ (middle band) from
the scan over the IDM parameter space described in the text.
The MSSM (lower region) region comes from a large number
of scans over the MSSM parameter space obtained with the
DarkSUSY package [16] and is shown for comparison.
annihilation rates become even higher and, in addition,
the Zγ channel opens up. In fact, for such models a
signal would be potentially visible in the NFW halo even
without a boost. One may notice from Fig. 2 that an
Air Cherenkov Telescope with a 30 GeV threshold, and
with its much larger effective area than GLAST, would
cover all of the interesting region for this dark matter
candidate [11].
Finally we have, for mh = 500 GeV, made a system-
atic scan over the parameter space calculating the cross
section into monochromatic gamma lines. The observa-
tional and theoretical constraints mentioned earlier en-
able us to enclose the complete, for us, interesting region
of dark matter masses less than 100 GeV. The depen-
dence on the allowed values of mH+ and λ2 is small and
we fix these to 120 GeV abovemH0 (to fulfill EWPT) and
0.1, respectively. Importantly, a correct relic density, to
explain the dark matter, can only be obtained with a sig-
nificant amount of coannihilations with the other neutral
inert Higgs. The resulting annihilation rates into γγ and
Zγ are shown in Fig. 3. The mass gap, between 36 and
45 GeV, is due to the s-channel resonance of a Z boson in
the coannihilation channel together with the LEP data
constrainingmA0−mH0 < 10 GeV. The lower and upper
mH0 cuts come from the naturalness constraint and the
opening of theW+W− annihilation channel, respectively.
The latter drastically suppresses the relic density to fall
below the WMAP region. For comparison we show in the
same figure the corresponding annihilation rates within
the MSSM. The reason for the stronger line signal in
the IDM is due to that the coupling to the W is unsup-
pressed. In the MSSM, on the other hand, high γγ rates
are harder to achieve [12] as the annihilation typically do
not occur at full strength while still satisfying both the
relic density and the LEP constraints at the masses of
interest here.
SUMMARY AND CONCLUSIONS
In this letter we have investigated the gamma-ray spec-
trum from the annihilation of the dark matter candidate
in the inert Higgs doublet model. In particular, we have
focused on its striking monochromatic gamma lines which
arise at loop-level.
The gamma-line signals are particularly significant for
this dark matter model mainly for two reasons: 1) The
dark matter mass is just below the kinematical threshold
for W production in the zero velocity limit. 2) The dark
matter candidate almost decouples from fermions (i.e.
couples only via SM Higgs exchange), while still having
ordinary gauge couplings to the gauge bosons. These two
ingredients generically lead to significant gamma-lines
being expected, since virtualW bosons close to threshold
should give a dominant contribution. As a matter of fact
these two properties could define a class of models for
which the IDM suit as an attractive archetype. Since the
IDM model does, especially for high SM Higgs masses,
have small tree-level annihilation rates one would tend
to assume that the relic density would be far too high.
However, coannihilations with the next to lightest inert
scalar allow us to reach a correct relic abundance. This
reduces the importance of continuum spectra in today’s
annihilations in dark matter halos as compared to the
gamma lines.
Absolute gamma-ray fluxes are, unfortunately, still
hard to predict due to the uncertainties in the structure
of dark matter halos. Hence it might eventually be the
spectral shape that enables us to separate a dark matter
signal from the background, in which case gamma-lines
are the most characteristic feature. We have shown that
such striking dark matter line signals as in the IDM seem
promising to search for with the GLAST satellite. One
should furthermore bear in mind that the best prospects
for detection might not be in the direction of the galac-
tic center, but rather for other sources, such as dwarf
galaxies, smaller dark matter clumps or in the extragalac-
tic gamma-ray radiation, where the background is lower.
The investigation of this is left for future studies.
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